Background-Data from cross-sectional and short-term longitudinal studies have suggested that children infected with HIV-1 might have cardiovascular abnormalities. We aimed to investigate this hypothesis in a long-term cohort study.
Introduction
The number of children born to women infected with HIV-1 worldwide continues to increase rapidly as the rate of HIV-1 infection rises in women of childbearing age [1] [2] [3] and improved care lengthens survival in children infected with HIV-1 in developed nations. [1] [2] [3] As the number of children infected with HIV-1 increases so does the importance of understanding the course of paediatric HIV-1 disease.
Results from the Pediatric Pulmonary and Cardiovascular Complications of Vertically Transmitted HIV Infection (P 2 C 2 HIV) study have shown that subclinical cardiac abnormalities develop early in children infected with HIV-1, and that they are frequent, persistent, and often progressive. [4] [5] [6] [7] Common abnormalities include dilated cardiomyopathy (decreased left ventricular [LV] contractility and LV dilation) and inappropriate LV hypertrophy (high LV mass with decreased height and weight). 4 Also, LV dysfunction and increased wall thickness at baseline are risk factors for death, independent of low CD4 cell count, HIV-1 viral load, and neurological disease. 6 During the first 2 years of the P 2 C 2 HIV study, about 10% of children infected with HIV-1 developed congestive heart failure, required treatment with cardiac drugs, or both, and 20% developed cardiac dilation or dysfunction. 5 Cardiac disease was the underlying cause of 12% of HIV-1-related deaths and was a contributing cause in an additional 22%. 7 We have previously reported the first 2 years of follow-up data from a second cohort of children infected with HIV-1, who were enrolled at a median age of 2 years. [4] [5] [6] However, enrolment of the cohort might have been subject to referral bias because of the presence of symptomatic HIV-1 infection or preexisting cardiopulmonary disease or because of early mortality.
We aimed to assess LV structure and function characterised by echocardiography during the first 5 years of life in children born to women infected with HIV-1. Our long-term, prospective study supplements 2-year follow-up data from this cohort and results from cross-sectional and short-term studies of cardiac abnormalities in children infected with HIV-1.
Methods

Participants and procedures
The methods of the P 2 C 2 HIV study, a prospective natural history study of cardiac and pulmonary complications of vertically-transmitted HIV-1 infection at five US clinical centres, have been reported in detail. 8 Children were enrolled at Houston, TX, USA; Boston, MA; New York, NY; and Los Angeles, CA. We enrolled 600 infants born to mothers infected with HIV-1. All infants were enrolled before birth (n=432) or in the first 28 days of life (n=168) between May, 1990, and January, 1994, and followed up until January, 1997.
We excluded 44 infants from the analysis: nine died, none of whom had cardiomyopathy as a cause or contributor to their death; and 35 were lost to follow-up before HIV-1 status could be established. We included 93 infants infected with HIV-1 and 463 uninfected individuals (cohort groups). We randomly selected 216 uninfected infants to remain in the study as internal controls with a random number list generated by the coordinating centre, stratified by clinical centre. 8 We used the mother as the unit of randomisation to account for mothers with more than one enrolled child.
All children underwent protocol-directed echocardio-graphic tests at predetermined 4-6 month intervals, irrespective of their clinical status. We used sedation if necessary in children younger than 3 years. 4, 6, 9 Functional LV data were gathered prospectively and analysed centrally by technicians unaware of the child's clinical status or treatment. LV fractional shortening is a measurement of overall LV systolic performance that is affected by contractility, preload, afterload, and heart rate. We measured afterload as meridional endsystolic LV wall stress. We calculated LV mass from M-mode measurements. 4, 6, 9 The study was approved by the institutional review board at each centre and written informed consent was obtained from all mothers. When significant differences between children infected with HIV-1 and controls were noted, we decided to try to establish whether the cardiac function of either group was similar to healthy children born to mothers who were not infected with HIV-1. Therefore, we recruited an external comparison group (external controls) of 195 infants and children who were healthy volunteers or who had been assessed for cardiac disease but in whom cardiac disease had been ruled out. The echocardiograms from this group were measured cross-sectionally at the same echocardiography laboratory in the same manner as those from the P 2 C 2 HIV study children.
Statistical analysis
We compared baseline clinical characteristics between groups with the Wilcoxon rank-sum test for continuous variables and with the χ 2 or Fisher's exact test for proportions. Repeatedmeasures analyses for each of the seven echocardiographic measurements were done with a means model with SAS Proc Mixed software (version 6) providing separate estimates of the means by age and HIV-1 group. A heterogeneous compound symmetry variance-covariance form in repeated measurements was assumed for each outcome, and robust estimates of the SEs of parameters 10 were used to do tests and construct 95% CIs. The repeated measures models for LV end-diastolic dimension and mass also included a covariate for body-surface area. For each age category, the adjusted mean for a cohort subgroup (HIV-1 infected or internal control) was defined as the mean response obtained by evaluating the statistical model at the mean body-surface area of the two subgroups. p values are two-sided. The level of significance was 0·05 for the repeated-measures analysis of each echocardiographic measurement.
Role of the funding source
The National Institutes of Health funded this study and participated in discussions of study design; the collection, analysis, and interpretation of data; in the writing of the report; and in the decision to submit the paper for publication.
Baseline characteristics
Children with HIV-1 (n=93)
Internal controls (n=463) 
Results
The table shows baseline characteristics. 286 (51%) infants were black, 170 (31%) were Hispanic; 293 (53%) were male. 29 (31%) children infected with HIV-1 and one (0·2%) internal control died during follow-up. Infants infected with HIV-1 had a lower mean gestational age than controls. More than 90% of children infected with HIV-1 took antiretroviral drugs at some time during the study. Zidovudine and didanosine were the most common drugs; eight children took protease inhibitors (ritonavir, nelfinavir, saquinavir, or indinavir), all starting after 2 years of age. 26 (28%) infants infected with HIV-1 received intravenous immunoglobulin at some time during the study. 9, 11 Measurements of LV end-diastolic dimension and fractional shortening were available in 86 (92%) children infected with HIV-1 and from 428 (92%) internal controls. We excluded data for LV function in two children with congenital heart abnormalities (one infected with HIV-1, one internal control) and six children with wall-motion or septal-motion abnormalities (one infected with HIV-1, five internal controls). A further five children infected with HIV-1 could not be included in the analysis: three were lost to follow-up with no echocardiogram data, one had an echocardiogram that could not be digitised, and one was lost to follow-up with no systolic function data. A further 29 internal controls could not be included in the analysis: eight had echocardiograms that could not be digitised, two had a missing strip chart, six were randomised out of the study, and 13 were lost to follow-up with no systolic function data.
Fractional shortening in study cohorts changed in significantly different ways during followup (p=0·002, test for interaction between age and HIV-1 infection status). Mean fractional shortening was similar in both cohort groups at birth (p=0·54), but became significantly higher in internal controls at 8 months' (39·2% vs 35·5%, p<0·0001) and 1 year's follow-up (38·1% vs 35·9%, p=0·0003). Mean differences at 8 months' and 1 year's follow-up were 3·7% (95% CI 2·3-5·1) and 2·2% (1·0-3·4), respectively. These differences became smaller by 2 years' follow-up as the fractional shortening for internal controls followed a natural decline with age, whereas the fractional shortening for the children with HIV-1 remained stable (figure 1).
At birth, mean (95% CI) fractional shortening of children infected with HIV-1 and internal controls were lower compared with the mean of 37 external controls younger than 3 months (34·1% [32·7-35·5] and 34·6% [33·9-35·2] vs 38·3% [37·5-39·2], p<0·0001 for each comparison), suggesting an in-utero effect. Fractional shortening in children infected with HIV-1 remained below that of external controls until 20 months' follow-up, before natural declines in fractional shortening in external controls brought the groups together. By contrast, internal controls showed an increase in fractional shortening at 4-months' followup and then followed the same pattern as external controls for the remainder of the followup period.
Contractility for study cohorts also changed in significantly different ways during follow-up (p=0·03, test for interaction between age and HIV-1 infection status). However, as figure 2A shows, there was no consistent pattern in either group, although contractility was lower more often in children infected with HIV-1 (p=0·0004 at age 8 months, mean difference −0·71, 95% CI −1·11 to −0·32). Both study cohorts tended to have lower mean contractility than external controls at all ages. Mean contractility was about 1 SD lower for children infected with HIV-1 compared with external controls. The mean difference in contractility pooled across ages was −1·01 (95% CI −1·26 to −0·76).
LV mass changed in significantly different patterns with age in study cohorts (p=0·02, test for interaction between age and HIV-1 infection status). Children infected with HIV-1 and internal controls had very similar mean LV masses at study entry (13·7 g [95% CI 12·8-14·5] vs 13·2 g [12·8-13·5], respectively, p=0·30), but from 1 year's to 30 months' followup, mean LV mass became significantly and consistently higher by about 3-5 g in children with HIV-1 ( figure 2B ).
Heart rates in study cohorts were consistently different (p<0·0001), with children infected with HIV-1 having a significantly higher heart rate than internal controls at every age except birth. Mean difference in heart rate pooled across ages was 10 beats per minute (bpm) (95% CI [8] [9] [10] [11] [12] [13] . Interaction between age and study group was not significant for heart rate (p=0·56), indicating that both cohorts followed the same natural pattern of decline in heart rate ( figure 2C ). Both study cohorts had generally higher mean heart rates than external controls. Mean differences were 13 bpm (10-16) and 3 bpm (1-5), respectively.
Although end-diastolic dimension was consistently higher in children infected with HIV-1 than in internal controls (apart from at 54 months; figure 2D ), neither the pattern of change of this variable (p=0·34) nor the difference between groups over time was significant (p=0·06). Similarly, end-systolic wall stress was usually higher in children infected with HIV-1 than in internal controls ( figure 2E ). However, differences were not significant, either when considered as a pattern of change (p=0·54) or as a persistent difference between groups over time (p=0·12). Figure 2F shows that peak-systolic wall stress tended to be higher in internal controls than in children infected with HIV-1. However, this relation was not consistent (p=0·04, test for interaction between age and HIV-1 infection status), and was significant only at 54 months' follow-up (p=0·01).
Discussion
Children infected with HIV-1 have faster heart rates, higher LV mass, and lower LV function than uninfected children born to women with HIV-1 infection. Unlike healthy children whose mothers do not have known HIV-1 infection, children born to women infected with HIV-1 have LV dysfunction including reduced contractility indices that may persist over time. This effect could be attributable to the uterine environment of the HIV-1infected mother, as it occurred irrespective of HIV-1-infection status of the infant. We have previously reported that fetal echocardiograms for many P 2 C 2 study patients showed significant abnormalities of cardiovascular structure and function, irrespective of whether the children were later confirmed to have HIV-1 infection. 12 We concluded that the maternal environment had important cardiovascular effects on the fetus. Our results extend that conclusion to the postnatal period.
The significant differences in heart rate, LV mass, and LV function between children with and without HIV-1 infection could indicate autonomic dysfunction and a hyperadrenergic state. We have previously reported that tachycardia, increased LV mass, and hyperdynamic LV function are typically seen in this setting, and are consistent with an increased risk of clinically significant cardiovascular events including congestive heart failure, high-grade arrhythmias, and death. [4] [5] [6] [7] 9, [12] [13] [14] This profile may suggest an HIV-1 effect on the central and peripheral nervous systems. We have previously described a strong association of the development of HIV-1 encephalopathy and cardiovascular morbidity and mortality in this population. 4, 14 Our findings provide a basis for testing a hypothesis that treatment with βadrenergic antagonist drugs could improve outcomes.
Our finding that dilated cardiomyopathy and inappropriate LV hypertrophy develop more in children infected with HIV-1 compared with uninfected children strengthens the findings of our previous studies, which did not have an appropriate uninfected control group. [4] [5] [6] [7] 14 We can now confirm that these cardiovascular abnormalities relate to HIV-1-infection status in children, though whether this is caused by HIV-1 or is the result of other uncontrolled factors is unclear.
Although internal controls showed improved left ventricular fractional shortening during the first postnatal year, they continued to have lower contractility than did external controls throughout follow-up. Children with HIV-1 infection had persistent global LV dysfunction.
Do children born without HIV-1 infection to women infected with HIV-1 have significant abnormalities that should be followed up? 9, 15 Our study raises concerns about long-term myocardial function and suggests that all children born to mothers with HIV-1 infection should be followed up. Even mild LV dysfunction over time has been shown to effect mortality. 6, [16] [17] [18] These findings accord with the Barker fetal origins hypothesis, which states that future cardiovascular disorders are, in part, programmed by stimuli or insults at critical early periods of prenatal life, and that fetal responses and adaptations to the uterine environment permanently change the body's structure, function, and metabolism. [19] [20] [21] Our study has several limitations. We have relatively complete follow-up data from the first 36 to 42 months of life, but after that, losses to follow-up and deaths reduced the sample size. The resulting wide 95% CIs indicate that the pattern seen in the age-specific means does not necessarily reflect the trend for an individual patient. A second limitation stems from the selection of the comparison group. Our study was initially designed to recruit a control sample of mothers with similar baseline characteristics apart from no HIV-1 infection during pregnancy, but this was not feasible. As a result, we recruited an external control sample that may not be ideally matched for socioeconomic and other relevant factors, is cross-sectional, and has a restricted number of patients. Thus, some of our nonsignificant results could have resulted from small external control sample size. Comparison of longitudinal with cross-sectional data may also complicate interpretation of our results. The suggestion that the in-utero environment could have an important role in postnatal cardiovascular abnormalities requires confirmation in other studies, given the concerns about the external control group and the inconsistency of findings by age group. Studies in more contemporary cohorts in which antiretroviral prophylaxis was used extensively during pregnancy would also be of interest. A report by our group 9 concluded that zidovudine was not associated with acute or chronic abnormalities in LV structure and function in infants exposed to the drug in the perinatal period.
In summary, dilated cardiomyopathy, inappropriate LV hypertrophy, and resting tachycardia seem related to HIV-1-infection status in children born to women infected with HIV-1.
Since LV dysfunction is found in both infected and uninfected children born to women infected with HIV-1, the dysfunction could be related to the intrauterine environment. These environmental effects could result from HIV-1 and other infections, maternal and postnatal nucleoside analogue and other drug use, maternal nutrition, placental abnormalities, racial and ethnic differences, and mitochondrial dysfunction. LV dysfunction may persist beyond the delivery, even in uninfected children. We suggest that continuing follow-up and appropriate treatment strategies should be considered for all children born to women infected with HIV-1. Contractility was measured by the stress-velocity index. Left ventricular mass and enddiastolic dimension were adjusted for body surface area.
